We studied the mechanism of cold acclimation of Jerusalem artichoke {Helianthus tuberosus L.) tubers with special reference to the role of the cell wall. During the cold-acclimation process from September to January, the freezing tolerance of tubers increased from -2.8°C to -8.4°C (LT 50 ). By contrast, the isolated protoplasts constitutively showed a consistent high level of freezing tolerance (LT 50 ; below -25°C) throughout the period. In tuber tissues, freezing injury was effectively protected by the external addition of isotonic solutions. Cryomicroscopic observations revealed that tissue cells mounted in isotonic solutions plasmolyzed upon freezing; tissue cells mounted in water collapsed with a tight attachment of plasma membrane to the cell wall. Upon freezing of intact tissues in water to temperatures below the critical range, the cytoplasm was irreversibly acidified as revealed by a fluorescence pH-ratiometry, suggesting that occurrence of detrimental cellular events leading to permanent cell injury. The freeze-induced acidification of cytoplasm was also effectively prevented by the external addition of isotonic solutions. These results suggest that the tight attachment of the plasma membrane to the cell wall during freezing may have a harmful effect on cells, in particular on the plasma membrane, possibly due to mechanical or some sort of chemical/physico-chemical interaction with the cell wall.
and signaling, and defense against microorganisms (Keller 1993 , Showalter 1993 . These vital processes are mediated through the specific attachment of cell walls to plasma membranes and a continuum of the cell wall-plasma raembrane-cytoskeleton (Reuzeau and Pont-Lezica 1995) .
When plant tissues are cooled to subzero temperatures, ice crystals first form outside the cell walls; consequently, cellular water is drawn out to the external cell surface and forms into ice crystals, due to a disequilibrated chemical potential between this cellular water and the ice crystals (Levitt 1972 ). In such extracellular freezing, cells become dehydrated and irregularly collapse with a tight attachment of plasma membrane to the cell wall (Asahina 1956 , Iljin 1933 , Siminovitch and Scarth 1938 . The cell wall may act as a defense barrier for protoplasts against destructive forces generated by the external ice crystals, or, on the other hand, cell walls may elicit damage to the plasma membrane by the mechanical distortion caused by the external ice crystals. The role of the cell wall in this particular type of freezing injury, which is secondarily induced by fast thawing of frozen plant tissues, has been argued for a long time from the viewpoint of the mechanical stress directed to plasma membranes as a consequence of an instantaneous snap-back of the cell wall to its original structure (Iljin's mechanical stress theory : Iljin 1933) . However, very little is known about the characteristics of physical or chemical interactions between the cell wall and plasma membrane which might be produced by their tight attachment during freezing or about the role of these interactions in cell injury. Steponkus et al. (1982 Steponkus et al. ( ,1993 have suggested that freezing injury in winter rye is primarily caused by freeze-induced destabilization of the plasma membrane and that the cell wall has no role, because of the similarities in the freezing tolerance of intact tissues and isolated protoplasts (Siminovitch et al. 1976 , Singh 1979 . In contrast, Tao et al. (1983) reported that, in suspension-cultured potato cells, the freezing tolerance of protoplasts was significantly higher than that of intact cells. Fujikawa and Miura (1986) reported that hyphae of Basidiomycetes easily suffer serious injury after freeze-induced dehydration but never sustain injury after hyper-osmotic dehydration to the same extent as that produced by freezing. From their results, they concluded that the primary cause of freezing injury in the hyphae is mechanical stress due to the formation of extracellular ice crystals. Recently, it has been reported that alterations in cell wall polysaccharide and proteins (Weiser et al. 1990 ) and accumulation of particular proteins in the apoplast space (Marentes et al. 1993 , Hon et al. 1994 , Antikainen et al. 1996 occur in plant tissues during cold acclimation. These biochemical changes in both cell walls and the apoplast space presumably play a role in the mitigation of harmful effects of the cell wall-plasma membrane interactions, physically or chemically, produced by freeze-dehydration of cells.
Jerusalem artichoke tubers, which were used in this study, are very useful materials for understanding the roles of the cell wall in freezing injury as well as in freezing tolerance, primarily due to the great difference in the freezing tolerance between intact tissues and isolated protoplasts. In this study, changes in freezing tolerance in both intact tissues and isolated protoplasts were investigated during a cold-acclimation process, with special reference to the mechanism of freezing injury in terms of cell wall-plasma membrane interactions.
Materials and Methods
Plant material-Tubers were harvested from a uniform population of Jerusalem artichoke (Helianthus tuberosus L.) grown in a field located near to the campus of Hokkaido University from late September to early January in [1995] [1996] .
Determination of freezing tolerance of intact tissues-Freezing injury of intact tuber tissues was assessed by an electrolyte leakage test. Tubers were cut into small pieces ( 5 x 5 x 1 mm), thoroughly washed in distilled water, and then blotted on filter paper. Tissue pieces of 300 mg in fresh weight were placed in test tubes (10 x 100 mm) with a supplement of 200//I of distilled water and cooled to -3°C in a programmable freezer. After 90min, freezing was started by the addition of small pieces of ice into each test tube. After an additional 10 h of incubation at -3°C, the tissue samples were further cooled to the desired temperatures at a rate of 2.4 C C h" 1 . During cooling, samples were removed at 2.5°C intervals and thawed overnight on ice. After thawing, 5 ml of distilled water was added to each test tube, and the tissue samples were gently shaken at room temperature for 4 h. The amounts of electrolytes released were measured with a conductivity meter (M & S Instruments INC., Tokyo, Japan). In cases of freezing in salt solution, the amounts of released amino acids were measured according to the method of Moore and Stain (1948) . The conductivity values or the amounts of amino acids released from the boiled tissue samples (100°C for 10 min) and the unfrozen tissue samples kept on ice were taken as 100% injury and 0% injury, respectively. Freezing tolerance was defined as the mean temperature (LTso) which caused 50% leakage of electrolyte (50% injury). The freezing tolerance of tissues determined by the electrolyte-leakage test coincided well with that determined by the FDA-staining test using thin tissue sections.
Isolation of protoplasts-Tissues were sliced into small pieces from homogeneous parts of the tubers, excluding the cortical layers and the central pith parts. The tissue pieces were incubated in a cell wall-digestion medium consisting of 3% (w/v) Cellulase Onozuka R-10, 1% (w/v) Macerozyme R-10 (both from Yakult Pharmaceutical IND. Co., Ltd., Tokyo, Japan), and 0.1% (w/v) Pectolyase Y-23 (Seishin Corporation, Tokyo, Japan) in a buffer solution containing 25 mM glucose, 2 mM MES/KOH (pH 5.8), 0.5% (w/v) BSA and 5 mM CaCl 2 . The osmolarity of the cell-wall digesting medium was adjusted to be near the isotonic values by the addition of sorbitol. The osmotic concentrations of the tuber cells changed from 0.475 Osm (late in September) to 0.825 Osm (mid-winter). Before preparation of the cell-wall digesting medium, the enzymes were desalted by gel filtration on a column of Sephadex G25 (medium, Sigma), as described by Yoshida (1994) . After cell wall digestion for 2 h at 26°C in darkness, the undigested cell debris was removed by filtration through a nylon mesh with a pore size of 62|<m. The filtrate was centrifuged at 1.8 xg for 3 min to collect the protoplasts. The protoplast pellets were resuspended in an isotonic concentration of sorbitol and 2 mM CaCl 2 and then washed three times in the same medium by centrifugation. The washed protoplasts were finally resuspended in the suspending medium and immediately used for experiments.
Determination of the freezing tolerance of isolated protoplasts-Protoplasts in the suspending medium were loaded with lOyuM FDA for 10 min at 20 c C. Immediately after the dye loading, they were washed and centrifuged in FDA-free suspending medium that had been previously cooled on ice. The protoplast pellets were then resuspended in the suspending medium to a cell concentration of 2 x 10 3 ml"
1 . An aliquot of the suspension in a small test tube (12x75 mm) was cooled in a programmable freezer at -3°C for 15 min prior to ice nucleation by touching the inside the wall of the test tube with a frozen cotton thread. After an additional incubation at -3°C for 50 min, the protoplasts were further cooled at a rate of 0.25°C min"
1 . During cooling, protoplast samples were removed at 5°C intervals and thawed on ice for 5 min before measuring cell survival, which was determined under a microscope using FDA-staining (Widhorm 1972) . The survival of protoplasts after a freeze-thaw cycle was expressed as: Survival (%)=(Ratio of normal cells after freeze-thawing/Ratio of normal cells before freezing) x 100, where the normal cells were defined as those showing a normal FDA-staining pattern. Throughout the whole period examined, the percentage of normal cells in the unfrozen control was more than 90%.
Microscopy-We used an inverted microscope (Diaphoto TMD; Nikon, Tokyo, Japan) equipped with an epi-fluorescence system for analyzing fluorescence images. For the FDA-loaded cells, the excitation and emission wave lengths were set at 470-490 nm and 520-560 nm, respectively, using interference filters. To avoid photobleaching by excess intensity of the excitation beam, the light intensity was reduced by using a neutral density filter (ND32, Nikon, Tokyo, Japan).
Measurement of cytoplasmic pH under a cryomicroscopeThe changes in cytoplasmic pH in tissue cells during a freeze-thaw cycle were measured under a cryomicroscope using fluorescence pH-ratiometry, as previously reported (Murai and Yoshida 1997) . Prior to pH measurement, tissue sections of 80 fxm in thickness were loaded with 10 ftM FDA for 5 min at 20°C and immediately cooled on ice. The dye-loaded cells were washed at 0°C in water or an isotonic sorbitol solution without addition of the dye. The conditions for dye loading were optimal for specific loading of the fluorophore into cytoplasm and for minimizing the localization of the dye into vacuoles. The dye-loaded tissue sections were mounted onto the cold stage of a cryomicroscope (Yoshida 1994) and covered with a cover slip. Then, cell specimens were cooled to desired temperatures at a rate of 0.25°C min~'. Freezing of the tissue sections was spontaneously initiated around the freezing points of external media, namely from 0 to -1.4 C C, depending on the concentrations. The cell specimens were excited alternately at 495 nm and 435 nm by a 100-W mercury lamp with 10-nm band-pass interference filters (Asahi Optics, Tokyo, Japan). Fluorescence images were focused on an SIT video-camera through a zooming lens ( x 1.0 to x 2.5) and recorded by an image processor averaging 16 video flames, as reported elsewhere (Yoshida 1994 (Yoshida , 1995 . The ratio image (495 nm/435 nm) was calculated after subtraction of the dark signal. Fluorescence ratios for the cell areas were calculated by reference to pixel windows.
pH-ratio calibration in situ-In situ pH-ratio calibration was done using tissue sections which had been previously loaded with FDA as described above. The dye-loaded tissue sections were incubated at 15°C for 20 min in a pH-equilibration buffer to equilibrate the cytoplasmic pH to that of the external buffer by the partition effect of weak acid and weak base exchange, as reported by Yoshida (1994) with a slight modification. The pH-equilibration buffer contained 50 mM HEPES (pH 6.6-7.9) or MES (pH 5.5-6.6), 50 mM ammonium acetate, 5 mM sodium azide, and an isotonic concentration of sorbitol. The pH of the buffer was adjusted to the desired value at 15°C by the addition of solid BTP. After pH-equilibration, tissue sections were mounted onto the cold stage of the cryomicroscope and the temperature was set at 15 ±0.1 °C. The in situ pH-ratio calibration curve for the tissue sections was essentially the same as that for the protoplasts as reported previously (Murai and Yoshida 1997) .
Results

Seasonal changes in freezing tolerance of intact tissues
and protoplasts-In the growing field near the campus of Hokkaido University, tuberization was initiated late in September and completed late in October. Tubers were collected at different periods of cold acclimation. Tissue pieces and protoplasts prepared from them were subjected to a freezing test. The survival of the tissue pieces and protoplasts was determined by an electrolyte leakage test and a as the winter season advanced from September to January. In contrast, no significant change was observed in the freezing tolerance of protoplasts during the cold-acclimation period. Protoplasts showed the highest freezing tolerance (LT 50 value of -29.4°C) in late September. Thereafter, the tolerance slightly decreased to -26.5°C toward mid-winter. In these experiments, protoplasts were suspended in an isotonic sorbitol solution and subjected to freeze-thawing. Therefore, there is a possibility that the high survival of protoplasts compared with intact tissues may have been due to a cryoprotective action of the osmoticum. Unlikely in other plant species, the protoplasts from Jerusalem artichoke tubers are highly sensitive to salt solutions such as BSS (balanced salt solution). In particular, freezing of the BSS-suspended protoplasts in a test tube results in severe cell aggregation at the bottom of test tube; almost all cells are disrupted. To avoid this problem, small aliquots (5-7 1) of the BSS-suspended protoplasts, which had been previously loaded with FDA, were mounted onto the cryomicroscope stage (Yoshida 1994) and then subjected to freezethaw cycle at various temperatures (cooling rate, 0.5°C min" 1 ; warming rate, l 0 Cmin~'). After freeze-thawing, cell survival was determined by the fluorescence image (FDA staining). The results were compared with those from experiments using sorbitol solution as the freezing medium (Fig. 1) . Within the temperature range of, at least down to -20°C, more than 76% of the BSS-suspended protoplasts could survive freezing nearly as well as those suspended in sorbitol solution. Therefore, the high freezing tolerance of protoplasts does not seem to result from specific cryoprotection by sorbitol.
Effects of extracellular solutions on tissue survivalTissue sections ( 5 x 5 x 1 mm) of tubers were subjected to freeze-thaw cycle either in water or in the sorbitol solution in the same concentration as used for freezing of protoplasts. In this experiment, tissue sections of 300-mg in fresh weight were frozen to desired temperatures at cooling rate of 2.4°C h~' and then allowed to complete thawing on ice overnight. The survival was determined by an electrolyte leakage test. The results are shown in Fig. 2 . The freezing injury of tissues was markedly reduced in the presence of the external sorbitol solution from the levels in the tissues frozen in water. The LT 50 values in water and in sorbitol solution were -7.6°C and -22.2°C, respectively. These results indicate that the external sorbitol solution has a role in preventing cell injury even in isotonic concentration.
From the evidence that freezing tolerance in intact tissues is quite low compared with that in the protoplasts in Jerusalem artichoke tubers, we assumed that cell wall may 0 -5 -10 -15 -20 -25 -30
Temperature (°C) Fig. 2 Survival curves of tuber tissues after freeze-thawing in isotonic sorbitol solution or in water. Tissue pieces prepared from winter tubers were freeze-thawed in isotonic sorbitol solution (0.8 M) (o) or in distilled water (•). The survival percentage was evaluated by measuring electrolyte leakage from freeze-thawed tissues as described in the text. The temperatures that caused 50% electrolyte leakage (LT S0 ) were -7 . 6 and -22.2°C for tissues freezethawed in distilled water and those freeze-thawed in isotonic sorbitol solution, respectively. The data are the average of duplicated measurements.
have a deleterious effect on the plasma membrane because of some particular type of interaction between the cell wall and plasma membrane during extracellular freezing. If this is true, such a harmful interaction could be prevented by plasmolysis during a freeze-thaw cycle. Cryobehaviors of tissue cells frozen in water or in isotonic sorbitol solution are shown in Fig. 3 . In tissues frozen in water, cells became dehydrated and collapsed with close attachment of plasma membrane to the cell wall without any sign of plasmolysis (Fig. 3B, b) . In contrast, in tissues frozen in isotonic sorbitol solution, cells were plasmolyzed immediately after initiation of freezing of the external medium (Fig. 3D, d ). From these results, it seems likely that the protection of tissue cells against injury by the isotonic sorbitol solution is primarily due to plasmolysis. To corroborate this idea, tissue sections were frozen in isotonic BSS or in mannitol solution, both of which are known to be less cryoprotective. The results are shown in Table 2 . In this experiment, survival was determined by the amino acid leakage test and the electrolyte leakage test for tissues frozen in BSS and sorbitol solution, respectively. When tissue sections were frozen in isotonic BSS, cells were effectively protected from injury to almost the same extent as that achieved in the sorbitol solution. Mannitol solution had no protective effect, possibly due to the loss of osmolytic function upon being abruptly crystallized during freezing to -5°C. These results suggest that the high percentage of survival of tissue cells in sorbitol solution does not result from a cryoprotective function, as commonly seen with other cryoprotective substances such as sugars and related compounds, but is probably due to prevention of the cell wall-plasma membrane attachment as a result of plasmolysis during freez- Thin tissue slices of winter tubers were frozen to various temperatures in various isotonic media or in water. After freeze-thawing, the tissue slices were re-suspended in the same medium used for freezing and then incubated with gentle shaking for 4 h at room temperature. The survival was then evaluated by measuring electrolyte leakage (for freezing in non-electrolyte) or amino acid leakage (freezing in salt solution) from the freeze-thawed tissues. Measurements were duplicated, and the averaged LT50 values are indicated. BSS, balanced salt solution: NaCl 2 -CaCl 2 ( 9 : 1 , mol/ mol). Changes in pH-ratio images of tissue sections during freeze-thawing in distilled water or in isotonic sorbitol solution. Tissue sections of 80 /im in thickness prepared from winter tubers were frozen in distilled water (A and B) or in isotonic sorbitol solution (C) at a cooling rate of 0.25°C min" 1 to various temperatures. Thereafter, tissues were slowly rewarmed to +3 C C. In A: a, before freezing; b, frozen to -5°C ; c , immediately after thawing at +3°C;d, 10 min after thawing at +3 C C. In B: a, before freezing; b, frozen to -10°C; c, rewarmed to -1°C; d, 10 min after thawing at +3°C. In C: a, before freezing; b, frozen to -15°C; c, rewarmed to -1°C; d, 10 min after thawing at +3°C.
ing.
Changes in cytoplasmic pH during a freeze-thaw cycles-To gain some insight into the mechanism of freezing injury in intact tuber tissues, which is possibly mediated through a tight attachment of the cell wall to the plasma membrane, experiments were carried out to investigate changes in cytoplasmic pH during the freeze-thaw cycle. The cytoplasmic pH was measured by a fluorescence pHratiometry after cell loading with FDA, as reported previously (Murai and Yoshida 1997) . The changes in pH-ratio images and the corresponding fluorescence images in response to freezing in the presence and absence of the external sorbitol solution are shown in Fig. 4 and 5, respectively. The changes in cytoplasmic pH during freezing were markedly dependent on the presence or absence of the external sorbitol solution. Freezing in water caused a more marked reduction in pH (Fig. 4) than freezing in sorbitol solution (Fig. 5) . The pH-ratio values were averaged and converted to pH values according to the in situ pH-ratio calibration curve. The results are shown in Fig. 6 . Before freezing, the cytoplasmic pH was around 7.1. When tissue sections were slowly frozen to -12°C, the cytoplasmic pH decreased to 6.1 in water, while the pH was maintained at 6.5 in sorbitol solution. Since tissue cells in sorbitol solution can survive freezing to -12°C without any injury, the pH reduction per se to the level of 6.5 does not seem to be directly linked to the occurrence of permanent cell injury. On the other hand, freezing to a temperature below -5°C in water -2 -4 -6 -8 -10 -12
Temperature (°C) Fig. 6 Changes in the cytoplasmic pH of tissue cells during freezing in distilled water or in isotonic sorbitol solution. The averaged fluorescence-ratio values in Fig. 4 and 5, respectively, were converted to pH values by reference to the in situ pH-ratio calibration curve and plotted against freezing temperatures. (•), frozen in water; (O), frozen in isotonic sorbitol solution. The pH values were determined for more than 15 cells and averaged. Bars indicate SE (n= 16-22). resulted in an abrupt decline in cell survival, less than 30% at -12°C. At freezing temperatures below 50% cell injury occurs, i.e., <-7.6°C, the cytoplasmic pH declined to around 6.3. Therefore, pH reduction in cytoplasm below the level of 6.3 probably means that some deleterious events have been already triggered in the cells during freezing.
Next, we examined the reversibility of the freeze-induced pH reduction in cytoplasm. Upon freeze-thawing to -5°C in water, the cytoplasmic pH in the majority of cells returned nearly to the normal level immediately after rewarming to +3°C (Fig. 7A, c see page 102) . Thereafter, the pH value completely returned to the normal level within 10 min at +3°C (Fig.7A, d ). The reversibility of the pH changes during the freeze-thaw cycle corresponded well to the cell survival. When tissues were frozen in water to -10 c C, the changes in cytoplasmic pH became no longer reversible (Fig. 7B) . When tissues were frozen to -15°C in isotonic sorbitol solution, the cytoplasmic pH decreased to a level of 6.4 (Fig. 7C, b) . However, significant pH recovery was noted even during rewarming up to the melting point of tissues (-1.4°C), and the pH almost returned to the normal level in a time-dependent manner after thawing (Fig.7C, c, d ).
Discussion
Jerusalem artichoke is native to North America and widely distributed in Japan, even in the north-eastern area of Hokkaido, the northernmost island of Japan, where the ground soil freezes to a depth of several centimeters in midwinter. The plant species, the geophyte, forms over-wintering tubers underground late in fall, and thereafter increases its freezing tolerance toward early winter as the temperature of ground soil decreases (Ishikawa and Yoshida 1985) . In tuber tissues in our study, freezing tolerance increased from -2.8°C (LT 50 ) late in September to -8.4°C in the middle of December (Table 1) . In contrast, no significant change in freezing tolerance was observed in isolated protoplasts during cold-acclimation periods. Protoplasts were constitutively tolerant of freezing below -26°C throughout the cold-acclimation period, even in the early stage of tuberization late in September. In contrast with protoplasts isolated from deacclimated tubers (Murai and Yoshida 1997) , lesions to vacuolar membranes during freeze-thaw cycles rarely occurred in protoplasts isolated from tubers during the course of cold acclimation. The physiological features of Jerusalem artichoke tubers distinctly differ from those of other plant species such as winter rye (Singh 1979 , Siminovitch et al. 1976 and Arabidopsis thaliana (Uemura and Steponkus 1995) , in which the freezing tolerance in intact tissues and isolated protoplasts is the same.
When freezing of tissue pieces prepared from tubers in isotonic sorbitol solution, cells could withstand much deeper freezing temperatures, i.e., LT50 value of -22.2°C (Fig. 2) . The protective role of the externally added sorbitol solution does not seem to be due simply to the cryoprotective function of the solute, as commonly seen with other sugars and related compounds, because freezing injury in intact tissues is also significantly prevented by the presence of isotonic BSS solution (Table 2) . Cryomicroscopic observations of freeze-thaw cycle of tuber sections in the presence of isotonic solutions revealed that cells became plasmolyzed immediately after freezing of the external medium. On the other hand, when freezing of tissue sections in water, cells were dehydrated and collapsed with a tight attachment of plasma membrane to the cell wall. (Fig. 3) . Therefore, the prevention of the direct attachment of plasma membrane to the cell wall during freezing by plasmolysis appears to be the major role of the external solutions in protection of tissue cells from injury. Fujikawa and Miura (1986) studied the mechanism of freezing injury in hyphae of Basidiomycetes using a freezefracture electron microscope. With slow freezing, the hyphae cells were severely deformed by the formation of extracellular ice. The plasma membrane showed distinct intramembrane-particle aggregation only in local regions where the inner surfaces of plasma membrane in the same hyphae cells were brought into direct contact as a result of the cell deformation caused by the formation of extracellular ice crystals. Hyper-osmotic manipulation of hyphae without freezing caused neither distinct cell deformation nor intramembrane particle aggregation in the plasma membrane; thereby, no injury occurred. They concluded that the primary cause of freezing injury in hyphae cells is a mechanical stress due to the formation of extracellular ice crystals. Tao et al. (1983) investigated the freezing tolerance of suspension-cultured potato cells and found that the freezing tolerance was significantly higher in protoplasts than in intact cells with cell walls. Upon freezing of intact cells in a hypertonic sucrose solution, they could withstand freezing to almost the same extent as protoplasts. They concluded that the generation of a mechanical stress between the cell wall and plasma membrane during freezing is the primary cause of cell injury. Uemura and Yoshida (1986) reported that freezing of Jerusalem artichoke tubers in the lethal temperature range resulted in a loss of particular proteins, FSPs (frost-susceptible proteins), from the plasma membrane. This evidence may provide a clue to the role of the cell wall in the development of injury, not only in terms of mechanical stress but also in terms of chemical or physico-chemical interactions between macromolecules on the inside surface of the cell wall and the outer surface of the plasma membrane. To corroborate this working hypothesis, biochemical characterization of the FSPs and the molecular cloning of the cDNA are now in progress in our lab.
Alterations in the homeostasis of the intracellular pH in response to environmental stresses, such as anaerobiosis, hypoxia, and low temperatures above freezing have been reported in some plant species (Roberts et al. 1984 , Kurkdjian and Guern 1989 , Saint-Ges et al. 1991 , Yoshida 1994 . Since hydrogen ion activity and solubility and the dissociation constants of electrolytic solutes are under the influence of freeze-induced concentration (Taylor 1987) , it is likely that extracellular freezing may cause a shift in cytoplasmic pH. Furthermore, as reported by Palta and Weiss (1993) , the impact of freeze-dehydration, even in an innocuous temperature range, reversibly alters the transport properties of the plasma membrane. Their results show that changes in cytoplasmic pH during freezing could also result from such alterations of the membrane-transport properties. In the present study, freeze-dehydration of tuber tissues of Jerusalem artichoke resulted in either reversible or irreversible pH reduction in cytoplasm, depending on the experimental conditions. At the moment, it is uncertain whether the freeze-induced acidification of the cytoplasm is due to changes in the physico-chemical properties of the cytoplasmic solution or to changes in the transport properties of the plasma membrane. If the cells suffer no permanent injury, the freeze-induced acidification of cytoplasm is completely reversible despite the freezing conditions. The irreversible acidification of cytoplasm occurred only in tuber tissues frozen in water to the lethal temperature range, suggesting that the plasma membrane was irreversibly damaged due to a mechanical stress imposed by the cell wall or to some sort of chemical or physico-chemical interactions between the cell wall and plasma membrane macromolecules. To clarify this issue, further detailed studies are needed.
It has been reported in pea seedlings that the gene encoding extensin is specifically induced during cold-acclimation (Weiser et al. 1990) , suggesting a role for alterations in chemical components and physical properties of the cell wall. From this point of view, also in Jerusalem artichoke tubers as well, it has been speculated that the changes in proteins and polysaccharides in the cell wall may play a role in the development of freezing tolerance. Biochemical analyses of cell wall proteins in Jerusalem artichoke tubers are in progress in our lab. Interestingly, our preliminary experiments suggest that the composition of cell wall proteins changed significantly during cold acclimation (Hanasaki, Murai and Yoshida, unpublished data) .
The differing cryobehaviors between intact tissues and isolated protoplasts in terms of freezing tolerance may possibly not be specific to Jerusalem artichoke tubers, but rather more widespread phenomena in plant species. The magnitude of the contribution of cell walls to freezing injury should vary from species to species and from tissue to tissue. Therefore, the mechanisms of freezing tolerance and freezing injury in plants must be diverse, particularly in terms of different roles for the cell walls. In future studies, attention should be focused not only on the role of plasma membrane per se but also on the role of the cell wall.
